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(54) A method of forming poly-(3-substituted) thiophenes 



(57) A method of forming a regioregular polythi- 
ophene from a polymerization reaction is described. The 
method proceeds by combining a soluble thiophene 



having at least two leaving groups with an organomag- 
nesium reagent to form a regiochemical isomer interme- 
diate, and adding thereto an effective amount of Ni(ll) 
catalyst to initiate the polymerization reaction. 
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Description 

BACKGROUND OF THE INVENTION 
5 Field of the Invention 
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to Description of the Invention Backgro und 

rooo* Po,y-(3-substituted) thiophenes (PTs) --n t 

LaJely high environmental stability, thermal, and optical devices such 
been found to be promising cand.dates for ™™^JJ™T^ha!ie^ batteries, smart cards, and non-linear 
as field-effect transistors, sensors, light-em.ttmg d.od* ^™^S3»w of additional applications and new 
optica, materia*, to medical app«^«£ - ^^^0 control the structure, properties, and function of 

rcS^^^ 

PTs structures containing three possible reg.ochem.c.. hnkages M^P^ tion as a conduc ting polymer 
when two thiophene rings are joined are he 2 2 2 5 ant IM co P 9 tQ ^ regiorandom couplin g S , 

is desired, the 2,2' (or head-to-head) ^^^^2 hey cause a sterically driven twist of thiophene rmgs 
are considered to be defects in the P^^^S^P«SS ideal solid state packing, thus diminishing elec- 
that disrupt conjugation, produce an ^^^£^Z&*g> is shown in FIG. 2. The steric crowding , of 
tronic and photonic properties. A "V"™^™ ^TZanTyTnd less « overlap. In contrast, the 2,5' (or head-to- 
the solubilizing groups in the 3 posrtion lead J^J^Slm-Hon. leading to highly conjugated polymers 
tail (HT) coupled) regioregular PTs can access. ^ n ^^. asserrib]e , providing efficient interchain and .rtrao- 

Srr^ 01 the regiore9U,ar materia,s are max 

-OO^sr^^ 

R D. McCullough, "The Chemistry of Conducting Polyth "J™"^ tanwOM ^ early gnd 

( 19 98), which is incorporated herein by ™^"J^JS and R D Loewe; (the "McCullough Method") and T. 
well known methods previously pub to regioregular synthesis are described us,ng 

A. Chen and R. D. Rieke (the "Rieke Method ) More ^recent app gg8) and Suzukl> s . 
chemistry deve.oped by Sti.le, AJraqi and aw. Bark incorporated herein by reference. All four 

Guillerez and G. Bidan, G. Synth. Met, Vol. 93, {f! ' n in lhe range of 95% or higher, 

methods produce poiythiophenes with present invention, synthesizes HT-poly 

method can be illustrated as follows: 

1) LDA/THF/^<fC/40min / 

2) MgBr 2 OEt 2 / *<fC incr. to -5°C ^ 

k ^ 3) 0 5 - 1 mol % Ni(dppp)CI 2 A^-^/" 
50 ^V*"^ 8 ' -5°C incr. to 25°C / 18 hr \ 5 / « 

55 metallic intermediate. As illustrated below a 2.5-dibnxnoi ' ^J™^ winclo) thi o P hene and 2-(bromoz.nc.o)- 
"Rieke zinc" (Zn«) to form a mixture of *° d ^ <* ,oride >- 3 "f 6 ' 
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1) Zn*/THF/-78°C/1 hr 

B 2) -78°C-0°C/3hr 

3) Ni(dppe)CI 2 1 2-24 hr / rt 
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0. 1 Naphthalene + ZnC1 2 + 2.0 Li 



2hr 
THF 



[0007] Other methods, such as the Stille and Suzuki methods, use a Pd catalyst rather than a Ni catalyst. The Stille 
method can be illustrated as follows: 
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Sn6u ; 




Pd(PPh3) 4 



DMF; 100°C/24 hr 




[0008] The Suzuki method can be illustrated as follows: 
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Pd 2 (OAc) 2 . K 2 C0 3 

THF / EtOH / H 2 0 
* reflux, -16 hr 
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[0009] Despite the efforts by those skilled in the art to improve HT coupling techniques, the synthetic procedures 
heretofore described have significant drawbacks. For example, the McCullough method requires highly purified starting 
materials, the most important of which is the monomer, 2-bromo-3-alkylthiophene. The need for purity adds to the cost 
of the synthesis. The Rieke method includes the easy to purify 2,5-dibromo-3-alkylthiophene as the starting material 
(because the compound is the highest boiling fraction in the crude mixture in its preparation), but requires the non- 
trivial preparation of Rieke zinc via alkali metal reduction of zinc halides in an inert environment. The Rieke zinc is very 
difficult to produce and, therefore, very costly. Both the Stille and Suzuki methods require an extra processing step in 
their synthesis, thereby decreasing their manufacturing efficiency and flexibility. All of the above illustrated synthesis 
reactions require cryogenic temperatures at some point during the synthesis, and long polymerization times of 12 to 
24 hours or longer. In addition, there have been no reports that any of these known methods have been used for the 
large scale synthesis of HT-PTs. 

[0010] Accordingly, a new method for the preparation of HT-poly-(3-alkylthiophenes) is needed that is efficient, and 
economical, provides greater manufacturing flexibility, and is suited for use in large scale industrial processes. 



BRIEF SUMMARY OF THE INVENTION 



[0011] The present invention solves the above-mentioned problems by providing a new method of forming a polymer. 
so The method includes combining a soluble thiophene having at least two leaving groups with an organomagnesium 
reagent to form a regiochemical isomer intermediate, and adding thereto an effective amount of Ni(ll) catalyst to initiate 
a polymerization reaction. The reaction yields major amounts of a soluble regioregular polythiophene. The soluble 
thiophene is preferably a dihalothiophene having a solubilizing substituent thereon. 
[0012] The soluble thiophene most preferably is a 2,5 dihalo-substituted thiophene having the structure: 

55 
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!Sl 3] The isomer intermediate thus may have the structure: 
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3-alk Ithiophenes) using a 3-substituted organomagnesium reagent is added to the 

hiophene starting material is dissolved .n a «Uojorm a m.xtu* g^ ^ . Mdme „ {ormed A N, 

reaioregular poly-(3-alkyl)thiophene. because it offers a method for the pro- 

ISC'™ Sf— s of « — - ■"»« ^ " a *"" P " < " 

of the preferred embodiments hereinbelow. 
BRIEF DESCRIPTION OF THE SEVERAL V.EWS OF THE DRAWING 
40 [0017] The characteristics and advantages of the present invention ma y be better understood by reference to the 
accompanying drawings, in which: 

FIG 1 is a schematic view of a regioregular PO'y tn '°P hene ;. 

FIG'. 2 is a schematic view of a regiorandorn ^^^ 3{tio(iecymo ^ en e) synthesized using the method of 

45 FIG 3 is a 1 H NMR taken in the aromat.c region of HT-poly 3(doaecy p 

S^Sh NMR L» in the methylene region of HT-po,y-3(dodecy.thiophene) synthesized using the method 
ST. Wi'SS ta^n the aromatic region of HT-po.y-3(dodecylthiophene) synthesized using the method 

so of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

W Thepre^tinvention^^ 
ss bearing a substituent R to promote *^*Z£^£££^ * polymerization catalyst is added and 
for a period of time sufficient to produce a reg ™ e desjred ield of reg ioregular polythiophenes The 
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[0019] The new synthesis for preparing HT-PATs proceeds as follows: 
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R'MgX', THF 
reflux, 1 hour 




MgX 



R'X 
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Ni(dppp)CI 2 
reflux, 1-3 hours 
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wherein X may be any halogen, such as Br or I, and R may be any non -reactive or protected reactive substituent that 
is non-reactive with the organomagnesium Grignard reagent (R'MgX 1 ). R is preferably an alkyl or an ether group and 
most preferably an alkyl or substituted alkyl. The organomagnesium reagent (R'MgX 1 ) may be any Grignard reagent. 
X' may be any halogen, but is typically Br or CI, and R' is typically any alkyl, vinyl, or phenyl group. Examples include, 
without limitation, CH 3 -CH = CH 2 , -C 3 H 7 , -C 6 H 13 , C 12 H 25 , isopropyl and terf-butyl groups. 

[0020] The Grignard metathesis reactions are well known in the art, an example of which is described by L. Boymond, 
M. Rottlander, G. Cahiez, and P. Knochel, Angew. Chem. Int. Ed., Communications, 1998, 37, No. 12, pages 1701-1 703, 
which is incorporated herein by reference in its entirety. If R in compound (1) is reactive with the organomagnesium 
reagent, a protective group should be coupled with the R-group to prevent the R-group from taking part in the synthesis. 
The use of protective groups with a reactive R-group is well known in the art, as described by Greene and Greene, 
"Protective Groups in Organic Synthesis, 11 John Wiley and Sons, New York (1981), which is incorporated herein by 
reference. 

[0021 ] Compound (1 ) may be various purified thiophene monomer starting materials, such as a substituted thiophene 
having two leaving groups, such as a dihalo 3-substituted thiophene. For example, a compound (1) that is greater than 
99% pure gives the highest molecular weight yields. Purified, 2,5-dibromo-3-dodecylthiophene is one example, but 
any halogen and any nonreactive substituent may be used that adds solubility. The leaving groups may be any halogens, 
such as Br or I. The purified compound (1) may be formed as part of the present process, or may be purchased from 
a commercially available supplier. For example, when 2,5-dibromo-3-dodecylthiophene is chosen as the starting ma- 
terial, it may be purified, for example, as described in Example 1 , below, or it may be purchased from Aldrich Chemical, 
Milwaukee, Wisconsin. Bromine is preferred over iodine as the leaving group in the starting monomer because the 
iodine compound substantially increases the toxicity of the reaction. It is believed that chlorine may also be used. 
[0022] Compound (1) may be reacted with about one equivalent of an organomagnesium (Grignard) reagent, in 
refluxing solvent, for a sufficient period to time, about one hour, to produce intermediate regiochemical isomer (2) (as 
a mixture of regiochemical isomers). 

[0023] Any refluxing anhydrous solvent (dry solvent) may be employed in the formation of the intermediate isomer 
(2), such as tetrahydrofuran (THF). THF is commercially available from Fisher Scientific, Pittsburgh, PA. Formation of 
the intermediate isomer (2) should be performed at temperatures at or below the boiling point of the refluxing solvent, 
and can be performed at room temperature (25°C). For example, when THF is employed, the reaction should be 
performed at its boiling point temperature (66°C). 

[0024] The intermediate regiochemical isomer (2) is typically a mixture of regiochemical isomers. For example, it 
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has been observed that the intermediate isomer (2) may be a combination of. 
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0.2 1 .0 mor%. The aMion ol me N*U) ca.alyat ™» " , "„, i0 „ P may be relluxed for . soBoieot oenod e< 

typioally performed at room tefaperafure or r.tlr.* ~ ™r. ™. yield ol the CHO, aoloW. I.aetlon 

example, when 13 grams of 2,5-dibromo-3-dodecylth,ophene (1) s and low polydi spersities, and 

SST V3S£ l^X^^^ - — - be po,ymerized by the method - the 

Ly be empioyed that produce a lower P^jJJJJJ a "Sute reaction time yie.ds about 40% HT-PDDT 
2 5 -dibromo-3-dodecylthiophene as the starting matenal, s 1 40 m nw invention is substan- 

foo29] As illustrated in F.GS. 1-3, the HT-PDDT ^P^J^^^u^ 1 H and «C NMR to determine 
"any identical to HT-PDDT yield prepared by other prio [^^^^ ht'pDDT. The high degree of re- 
the regioregularity of PATs. FIGS. 3-5 show both the H and C nm P (F1G . 3) as well as a clean tnplet 

Solution UV-vis (CHCI 3 ) shows a W of 459 nnru Qf jsomers) fe njgh> tnere is s(l „ an even 

[O0301 While the regioselectivity of the metathesis eact.on jeu t selecljvity For exam . 

Wgher degree of regioselectivity displayed in the J^SSKTii^- isomers, V. Farina, B. Krishnan, D. 
S\22S V^T»lTo7c h Z JEK^SS -* is incorporated here.n by 
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[0 03 2] 2 ,5-dibromo-3-dodecy,thiophene(1)wasp = ^ 

[ n 100 mL of THF. N-Bromosuccinimide 07£ ( ,,154 "JjJ^^,^ ft. vacuo and 250 mL of hexane was 
solution was stirred at room temperature tar 21 £^^£2,, was flltere d through a plug of silica to remove the 
added to precipitate substantially all of the succ.n.m.de . The mix * Q2 T) ielded 2 , 5 . d ibromo-3-do- 

succinimide and the solvent was removed ,n "^"J*^ Z a cTa , colorless oil. ^H NMR (CDCI 3 ): 8 6.76 (s, 

decylthiophened) (26.26 g, 83 3 %) ^J*** Tm^^VW* 1430 ' 1309 ' 1079 ' 3 S 
1H). 2.49 (t,2H), 1.52 (m,2H),1.25(m 18H ^g; 3 ^ _ ^ H = 6.39 Br = 38.95; Found C = 46.51 , H = 6.47, 
29.6, 29.4, 29.1 , 25.4, 22.7, 14.1 . (Calcd. for C 16 H 26 Br 2 S. C- 4b.w, 



Br = 38.69). 
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[0033] The 2,5-dibromo-3-dodecylthiophene (1 .28 g, 3.12 mmol) (1) is dissolved in 18 mL of THR CH 3 MgBr (3.15 
mL, 1 .0M solution in butyl ether) is added and the mixture was heated to reflux for one hour. The catalyst, Ni(dppp)CI 2 
(1 6.9 mg, 1 mol %) was added and the solution was stirred at reflux for 2 hours. The mixture was poured over 150 mL 
of methanol and filtered into a Soxhlet thimble. Soxhlet extractions were performed with methanol (to remove catalyst, 
monomer and salts), hexanes (to remove oligomers), and chloroform. The chloroform layer was rotovapped to give a 
violet film and pumped on for several hours affording 0.51 0 g (65% yield) of HT-PDDT (3). 1 H NMR (CDCI 3 ): 8 6.96 (s, 
1 H), 2.79 (t, 2H), 1 .69 (m, 2H), 1 .25 (m, 1 8H), 0.86 (t, 3H). 13 C NMR (CDCI 3 ): 8 1 39.89, 1 33.74, 1 30,52, 1 28.61 , 31 .94, 
30.56, 29.69, 29.53, 29.38, 22.70, 14.10. (Calcd. for (C 16 H 26 S) n : C = 76.79%, H = 10.47%; Found C = 76.41%, H = 
10.43%). 

Example 2 



[0034] The method of the present invention may be used for the large scale preparation of HT-PDDT (3). The pro- 
cedure is similar to what has been described in Example 1, above, with 2,5-dibromo-3-dodecylthiophene (1) (13.9 g, 
15 33.8 mmol), 250 ml of THF, and 34 ml of CH 3 MgBr (1.0M solution in butyl ether) being refluxed for 50 min, followed 
by the addition of 196 mg of Ni(dppp)CI 2 . After refluxing the mixture for another 1 hour and 20 minutes, the reaction 
was quenched by pouring the reaction mixture into 1 .4 L of MeOH. This procedure yielded 40% (3.4 g) of pure HT-PDDT. 
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25 



Example 3 

[0035] The method of the present invention may be used for the short preparation time of HT-PDDT. The procedure 
is similar to the previous examples described above, with 2,5-dibromo-3-dodecylthiophene (1) (1.8 g, 4.4 mmol), 25 
ml of THF, and 4.4 ml of CH 3 MgBr (1 .0M solution in butyl ether) being refluxed for 20 minutes, followed by the addition 
of 12 mg of Ni(dppp)CI 2 . After refluxing the mixture for another 20 minutes, the reaction was quenched by pouring the 
reaction mixture into 100mL of MeOH. Extraction yielded 40% (420 mg) of pure HT-PDDT. 

[0036] The following illustration confirms the presence of a Grignard metathesis. A compound (1) was treated with 
a variety of Grignard reagents (R'MgX') and quenched with trimethylsilyl chloride (TMS-CI). The reaction is illustrated as: 
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35 



C 12 H 2 s 




R'MgX* 



THF, reflux, 1 hr 




MgBr 



+ R'X 



TMS-CI 
-40°C 



45 




80% 20% 

The quenching results strongly suggests the presence of a magnesium-bromine exchange reaction. Surprisingly, this 
exchange occurred with a large degree of regiocontrol (80:20 distribution of isomers). 
55 [0037] The regiochemical polymerization method of the present invention provides many advantages over the prior 
art syntheses. Preparation and purification of the thiophene monomers offer a time-effective method over the prior art, 
as no more than two reaction steps are required from readily available starting materials. In addition, the corresponding 
Grignard reagents are cost effective and easy to handle. The method of the present invention does not require the use 
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o, cryogenic tenures like other prior a, ^^^^^^^^ 
desL'product. making this methoc ' we» su £ Jj^jjj^ for expen sive MgBr 2 and ZnCI 2 

SSq The regioregu.ar po,ymers produced 

lion, those of ordinary ski., in the relevant ^JJ^^'SS^aA i.lustrated in order to explain the nature 
and process parameters of the examples tha '^ve been herein ^ wi „ remain witnin the princ.ple and 

of the invention may be made by those skilled n the ^art and all such mo ^ ^ tQ 

scope of the invention as expressed ^^JS^t^n!^ tt shou.d be understood by those sk led 
of 2,5-dibromo-3-dodecylthiopheneasastaW illustrative only, and that other 

in the art that the use of V***?^ such additiona. app.ications of the 
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Claims 

1 A method of forming a polymer, comprising: 

combining a so.uble thiophene having at .east .eaving groups with a ha.oorganomagnesium reagent to 

2 . The method of claim 1 wherein the soluble thiophene has the structure: 
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45 



wherein R is one of an non-reactive and protected reactive substituent that is non-reactive with the haloor- 
ganomagnesium reagent, or X is a Br or I halogen. 
3. The method of claim 1 wherein the isomer intermediate has the structure: 
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The method of claim 1 wherein the Ni(ll) catalyst is one of 1 ;3-diphenylphosphinopropane nickel(ll) chloride and 
1 ,2-bis(diphenylphosphino)ethane nickel(ll) chloride. 

The method of claim 5 wherein the Ni(ll) catalyst is 1 ,3-diphenylphosphinopropane nickel(ll) chloride and is added 
to the isomer intermediate to form a polymer having the regioregular structure: 



R 




A method of forming poly-(3-substituted) thiophene, comprising: 

providing a soluble thiophene having at least two leaving groups; 
dissolving the soluble thiophene in a solvent to form a mixture; 
adding a haloorganomagnesium reagent to the mixture; 

heating the solution to reflux to form a solution containing a regiochemical isomer intermediate; 
adding a Ni(ll) catalyst to the solution; 
agitating the solution; and 

recovering the regioregular poly-(3-substituted) thiophene. 
The method of claim 7 wherein the solvent to tetrahydrofuran. 

An electrically conductive or optically sensitive polymeric material formed from a process, comprising: 



combining a soluble thiophene having at least two leaving groups with an organomagnesium reagent to form 
a regiochemical isomer intermediate; 

adding an effective amount of a Ni(ll) catalyst to initiate a polymerization reaction; and 

permitting the reaction to proceed for a period of time sufficient to produce major amounts of regioregular 

polythiophene. 
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(57) A method of forming a regioregular polythi- 
ophene from a polymerization reaction is described. The 
method proceeds by combining a soluble thiophene 



having at least two leaving groups with an organomag- 
nesium reagent to form a regiochemical isomer interme- 
diate, and adding thereto an effective amount of Ni(ll) 
catalyst to initiate the polymerization reaction. 
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